Highly specific thymidine phosphorylases catalyze the phosphorolytic cleavage of thymidine, with the help of a phosphate ion, resulting in thymine and 2-deoxy--d-ribose 1-phosphate. Thymidine phosphorylases do not catalyze the phosphorolysis of uridine, in contrast to nonspecific pyrimidine nucleoside phosphorylases and uridine phosphorylases. Understanding the mechanism of substrate specificity on the basis of the nucleoside is essential to support rational drug-discovery investigations of new antitumour and anti-infective drugs which are metabolized by thymidine phosphorylases. For this reason, X-ray structures of the thymidine phosphorylase from Salmonella typhimurium were solved and refined: the unliganded structure at 2.05 Å resolution (PDB entry 4xr5), the structure of the complex with thymidine at 2.55 Å resolution (PDB entry 4yek) and that of the complex with uridine at 2.43 Å resolution (PDB entry 4yyy). The various structural features of the enzyme which might be responsible for the specificity for thymidine and not for uridine were identified. The presence of the 2 0 -hydroxyl group in uridine results in a different position of the uridine furanose moiety compared with that of thymidine. This feature may be the key element of the substrate specificity. The specificity might also be associated with the opening/closure mechanism of the two-domain subunit structure of the enzyme.
Introduction
Pyrimidines and pyrimidine nucleosides are already widely used in the treatment of cancer and infectious diseases (Bronckaers et al., 2009) . Thymidine-specific nucleoside phosphorylase (thymidine phosphorylase; TP; EC 2.4.2.4) is one of the enzymes which participate in the metabolism of these drugs. The drugs which are metabolized by thymidine phosphorylases include 5-(E)-(2-bromovinyl)-2 0 -deoxyuridine, 5-trifluorothymidine, 5-fluorouracil and 5-fluoro-5 0 -deoxyuridine (an intermediate metabolite of capecitabine). All of these drugs are clinically used against metastatic breast and colon cancers (Bronckaers et al., 2009) . Detailed structural information about their substrate specificity is essential to understand the mechanisms of binding and cleavage of pharmacologically important ligands and to support rational drug design.
Thymidine phosphorylase (TP) catalyzes the thymidine cleavage reaction in the presence of phosphate ion to give thymine and 2-deoxy--d-ribose 1-phosphate ( Fig. 1) . TP is a member of the NP-II family of nucleoside phosphorylases and is further characterized as a nonspecific pyrimidine nucleoside phosphorylase (PyNP; Pugmire & Ealick, 2002) . The members of the NP-II family of nucleoside phosphorylases differ from the members of the NP-I family by the presence of a two-domain subunit structure in contrast to a one-domain structure (NP-I family) and the location of the active site within the interface between the domains but not that between the subunits (NP-I family). The homology of the bacterial TP to human TP is 39% , but the active-site geometry of the enzyme from prokaryotic and eukaryotic cells is identical. Thus, the results obtained for the bacterial TP might be extrapolatable to human TP. The usage of the bacterial enzyme is also supported by the fact that it is more difficult to crystallize well diffracting crystals of human TP than of the bacterial TP.
Mutagenesis studies (Mitsiki et al., 2009) and chemo-kinetic studies (Panova et al., 2007) of the cleavage of different nucleoside analogues by thymidine phosphorylases have been performed to investigate the kinetic parameters of TP-ligand interactions and of TP substrate specificity. As a result, the amino-acid residues which take part in the binding and/or the cleavage reaction and in the affinity for different thymidine modifications have been identified. Modelling experiments were performed Rick et al., 1999) in order to determine the spatial organization and to investigate enzyme-substrate complexes. However, these experiments did not provide reliable structural information to understand the structural origin of the specificity of TP towards pyrimidine nucleosides. To date, only one TP structure (from Escherichia coli) in complex with pyrimidine or a pyrimidine nucleoside is present in the PDB. It was solved by Walter and coworkers and has a thymine in the active site (Walter et al., 1990) . However, this structure has only C atoms deposited and therefore it is not possible to investigate the structural aspects of the binding of pyrimidine bases and nucleosides to the enzyme.
Materials and methods
2.1. Cloning and expression of the deoA thymidine phosphorylase gene from Salmonella typhimurium Amplification of the structural domain of the deoA gene was performed from the chromosome of S. typhimurium strain LT2 (from the collection of the State Research Institute of Genetics and Selection of Industrial Microorganisms) using the primers Tpp1, 5 0 -CGCCATATGTTTCTCGCACAAG-AAATTATTC-3 0 , and Tpp2, 5 0 -CGCCTCGAGCTATTCA-GTAATTCGACGATAGA-3 0 . The first oligonucleotide is complementary to the proximal region and the second is complementary to the distal region of the deoA gene. PCR was performed on a MyCycler thermal cycler (Bio-Rad) according to the following scheme. Firstly, cells were disrupted at 95 C for 3 min. 25 cycles of amplification were then carried out that included DNA denaturation at 95 C for 30 s, primer annealing at 60 C for 30 s and DNA extension at 72 C for 30 s. In the last stage, DNA extension was performed at 72 C for 2 min. As a result, a fragment of 1321 bp was synthesized that contained the structural region of the deoA gene flanked by NdeI and XhoI restriction-enzyme recognition sites. After electrophoretic separation of the PCR products, the desired DNA fragment was eluted from the gel using a GeneClean kit (Fermentas). The deoA gene was cloned into the pET-15b high-copy expression vector containing the T7 phage promoter, which is inducible by isopropyl -d-1-thiogalactopyranoside (IPTG), at the NdeI and XhoI restriction endonuclease sites. The pET-15b vector contains an ampicillinresistance marker (Amp R ) and nucleotide sequences for a His tag before the NdeI restriction-enzyme recognition site and for the target site of thrombin. E. coli strain TGI cells were transformed with the resulting ligase mixture. Selection of transformants was performed in LB agar medium containing ampicillin (100 mg ml À1 ) as a selection marker. Screening for recombinant clones was performed by PCR using the plasmid primers pT7P, 5 0 -TAATACGACTCACTATAGGGG-3 0 , and pT7T, 5 0 -GCTAGTTATTGCTCAGCGGT-3 0 . Plasmid DNA was isolated from the selected transformants, and the presence of the insertion in the hybrid plasmids was determined using restriction analysis. This plasmid, which was designated pET-15b/deoA, was used to transform E. coli strain BL21 (DE3) cells containing the inducible T7 bacteriophage RNA polymerase gene.
Induction of S. typhimurium TP (StTP) expression was performed by the addition of IPTG to the growth medium to a final concentration of 1 mM. The expression of the deoA gene was analyzed by SDS-PAGE of the total protein from the E. coli BL21 (DE3) cells containing the pET-15b/deoA plasmid on a polyacrylamide gel under denaturating conditions. In the lanes of the gel which correspond to the strains The reaction catalyzed by thymidine phosphorylase.
containing constructions with a functional deoA gene, an additional fraction of the protein monomer was observed. It has an approximate molecular weight of 48 kDa, which is in accordance with the molecular weight of StTP of 47 kDa calculated from the deoA gene sequence. Data on the protein source and cloning procedures are listed in Table 1 .
Biomass preparation, isolation and purification of the protein
The E. coli BL21 (DE3) cells containing the pET-15b/deoA plasmid were diluted 100 times and grown in a thermostatic shaker for 2 h at 37 C, followed by addition of IPTG and incubation for 4 h at 30 C. The biomass was gathered from a total culture volume of 1.2 l by centrifugation for 3 min at 5000g. The cell precipitate was suspended in binding (elution) buffer solution with the following composition: 20 mM Tris-HCl pH 7.5, 500 mM KCl, 30 mM imidazole. The cells were disrupted by sonication using a Fisher Scientific Model 550 dismembrator (Thermo Fisher Scientific, Waltham, USA). The debris was precipitated by centrifugation at 13 000g for 30 min at 4 C.
Chromatographic purification was performed on an Ä KTAprime plus system (GE Healthcare, UK). The total protein obtained was loaded onto a 1 ml HisTrap FF column (packed with Ni Sepharose 6 Fast Flow; GE Healthcare) and equilibrated with the same buffer solution. A buffer solution consisting of 20 mM Tris-HCl pH 7.5, 500 mM KCl, 300 mM imidazole was used for elution. As a result, His-tagged StTP protein was isolated.
The isolated StTP protein fraction was dialyzed against buffer solution consisting of 20 mM Tris-HCl pH 8.4, 150 mM KCl, 2.5 mM CaCl 2 overnight at 4 C. The solution was treated with thrombin to remove the His tag in the same buffer solution for 4 h at room temperature. Thrombin was added at 1 U of enzyme per milligram of protein.
In the second stage of the purification, the protein was loaded onto a HiLoad 16/60 Superdex 200 pg (GE Healthcare) column for gel filtration equilibrated with the following buffer solution: 20 mM Tris-HCl pH 7.5, 20 mM KCl. The StTP protein fractions were analyzed by SDS-PAGE.
Crystallization
Screening of crystallization conditions was performed using The PACT Suite, The pHClear Suite, Stura Footprint, Morpheus and JCSG crystallization kits (Qiagen, Germany; Molecular Dimensions, UK). Finally, crystals were grown by the vapour-diffusion method using the sitting-drop technique at 19 C. Crystallization and protein solution compositions are listed in Table 2 . Crystals grew in a week ( Fig. 2 ) and were used for X-ray diffraction data collection. Crystals of StTP complexed with thymidine and uridine were obtained by soaking in a 0.1 M solution of the corresponding ligand. The approximate dimensions of the crystals were 400 Â 50 Â 50 mm (Fig. 2) .
Data collection and processing
Diffraction data sets for unliganded StTP and its complexes were collected at 100 K on beamline 14.1 at BESSY II (Helmholtz-Zentrum, Berlin, Germany; Mueller et al., 2012) . Paraffin oil was used as a cryoprotectant. All data were indexed, merged and processed using the XDS package (Kabsch, 2010) and SCALA (Evans, 2011) within the CCP4 suite . The data statistics are summarized in Table 3 .
Structure solution and refinement
The structure of StTP was solved by molecular replacement using Phaser (McCoy, 2007) Table 1 Macromolecule-production information.
Source
S. enterica subsp. enterica serovar Typhimurium (strain LT2/SGSC1412/ATCC 700720) GenBank ID CKH45935 Gene deoA Forward primer
Crystals of unliganded thymidine phosphorylase from S. typhimurium.
Abramchik, R. S. Esipov & I. P. Kuranova, unpublished work) was used as a starting model to solve the unliganded structure. This structure, refined to 2.05 Å resolution (PDB entry 4xr5), was then used to solve the structures of StTP complexed with uridine and thymidine. The StTP structures were refined using PHENIX (Adams et al., 2010) and REFMAC5 (Murshudov et al., 2011) . A visual monitoring of structure quality and its manual correction were performed using Coot (Emsley & Cowtan, 2004; Emsley et al., 2010) . The reasonableness of the refinement results was monitored using Coot (Emsley & Cowtan, 2004; Emsley et al., 2010) and MolProbity (Chen et al., 2010) at the PDB Validation Server (http://validate.rcsb.org/). All parameters of the refined StTP models are shown in Table 4 . The final refinement cycle was performed in phenix.refine (Adams et al., 2010).
Results and discussion
3.1. Three-dimensional structure of TP The monomer of thymidine phosphorylase from S. typhimurium (StTP) consists of 440 residues (Schwartz, 1971 ; Fig. 3 ). 22 residues differ in the analogous enzyme from E. coli (EcTP). These bacterial thymidine phosphorylases have 39% homology to human thymidine phosphorylase (HuTP). An alignment of the primary structures of HuTP and StTP is shown in Fig. 3 . The StTP subunit as well as the other bacterial TP subunits (Walter et al., 1990) consist of two domains. The first domain includes residues 1-65 and 163-193 and contains only -helices (-domain), while the other domain includes both -helices and -strands (/-domain; Fig. 4 ). The authors of the first structural investigation of a TP assumed that movement of the domains towards each other is essential for the catalytic reaction to proceed (Walter et al., 1990). The -helical fragments of StTP comprise 46% of the residues and the -strands comprise 12.7% of the residues according to DSSP (Touw et al., 2015) . It is worth mentioning that despite the low homology of the primary structures of the bacterial thymidine phosphorylases (StTP and EcTP) to human TP (HuTP), the secondary-structure elements are mostly conserved (based on PDB entries 4xr5, 4eaf and 1uou; Norman et al., 2004) . In StTP, as well as in EcTP and HuTP, the domains are connected by three loops, L3 (66-81), L8 (156-162) and L10 (193) (194) (195) (196) (197) according to the StTP numbering (see Figs. 3 and 4) . The residues of the H1, H3 and H8 -helices of both subunits of the StTP homodimer participate in intersubunit interactions. The surface of the interaction interface covers about 5% of the total subunit surface (915 of 17 653 Å 2 ). The calculated Gibbs free energy for homodimer formation is À11.2 kcal mol À1 according to PDBePISA (Krissinel & Henrick, 2007) . The interaction between subunits is provided mainly by hydrogen bonds. The parameters of these bonds are similar to those listed in Walter et al. (1990) . Hydrophobic interactions between subunits were not found. 
Phosphate-binding site
The bound sulfate, which is similar to phosphate, the original substrate of TP, was localized only in subunit B of the StTP-thymine (StTP-THM) complex. The sulfate was localized in a pocket formed by -strand S1, the ends of the L6 loop and the turn between S1 and -helix H5 (Figs. 4 and 5) , and was further stabilized by the structural water molecule (HOH619 in StTP-THM subunit B) . The phosphate and the sulfate are practically identical in terms of the characteristics of the interaction. The atomic radii of phosphorus and sulfur differ by less than 2% (1.07 and 1.05 Å , respectively). The phosphate has a valency of 3. It has two H atoms bound to it at the pH optimum of TP (Panova et al., 2007) , while the sulfate has only one. The charges on the sulfate and the phosphate are the same. Structures of TP with bound phosphate are absent from the PDB. However, several structures with bound sulfate have been deposited, for instance the structures of E. coli thymidine phosphorylase with PDB codes 2tpt and 4eaf. The authors of the first structure claim that the binding of the phosphate or sulfate results in domain movement induced by the stabilization of loop L6 (residues 114-122), which results in the formation of a stable hydrogen bond between the NE2 atom of the His119 side chain and the O atom of the Gly208 main chain. In StTP all residues of the L6 loop have relatively high B-factor values compared with the mean values for each structure: unliganded StTP and the complexes with thymidine and uridine. For instance, the mean value of the B factor for all of the residues of subunit B of the StTP-THM complex is 67.4 Å 2 , while the mean value for the L6 loop residues is 113 Å 2 . The distance between the NE2 atom of His119 and the O atom of Gly208 in subunit B of the StTP-THM complex has a value of 3.7 Å , despite the presence of sulfate and thymidine in the active site of the subunit.
3.3. The binding of TP to nucleosides 3.3.1. The active site. Thymidine molecules were localized in the active sites ( Fig. 5b ) of both subunits of the StTP homodimer (PDB entry 4yek). In both subunits the bonds formed to the ligand are similar and the difference in the bond length does not exceed the coordinate error estimate (DPI = 0.25 Å ). In the structure of StTP complexed with uridine (StTP-URI; PDB entry 4yyy), uridine was only localized in the active site of subunit B (Fig. 5c ). The location of the pyrimidine component of uridine in StTP-URI is similar to that found for thymidine in the StTP-THM complex. The position of the ribose component of uridine in the StTP-URI complex differs from the position of the ribose component of thymidine in StTP-THM. The ribose component of uridine forms two hydrogen bonds to residues of the enzyme (to Leu117 and Thr87), while that of THM forms only one (to Thr87) ( Figs. 5b and 5c ). The r.m.s.d. between the coordinates of the furanose components is 4.0 Å .
Thymidine differs from uridine in the presence of a methyl group at the fifth position and the absence of the hydroxyl group at the 2 0 -position. The absence of the 5-methyl group in thymidine (2 0 -deoxyuridine) results in a fourfold lower value of the ratio of the reaction rate constant (k cat ) to K m : k cat /K m is 0.18 s mM À1 for 2 0 -deoxyuridine compared with 0.66 s mM À1 for thymidine (Panova et al., 2007) . Thymidine with a hydroxyl group at the 2 0 -position becomes an inhibitor (Panova et al., 2007) . We explain the difference in the position of the ribose component in the ligands (uridine and thymidine) in the active site of TP by the presence of the hydroxyl group at the 2 0 -position in uridine. This leads to a change of the Leu117 side chain (hydrophobic): it rotates by $180 around the axis passing through its main chain. The shift of the Leu117 side chain results in a shift of its main chain towards the O2 0 atom of uridine and the formation of a hydrogen bond to it. The formation of this hydrogen bond affects the position of the uridine ribose ring.
However, it is worth mentioning that this difference in the location of the ribose component might be associated with the absence of the first substrate (phosphate) or the pseudosubstrate (sulfate) in the StTP-URI structure. Citrate was localized in the phosphate-binding site of the StTP-URI complex. The C2 atom of the citrate is at a distance of $4 Å from the C5 0 atom of the thymidine when superposing the StTP-URI and StTP-THM B subunits.
Arg171, Ser186 and Tyr168 (Fig. 5b ) are reported to be significant for the reaction to proceed according to kinetic studies of human TP. Substitution of Arg171 by Glu or Ser, thus changing the charge of the residue to a negative charge, leads to a loss of TP activity (Mitsiki et al., 2009 ). Substitution of Ser186 by Gly also leads to a loss of enzymatic capability. The binding of thymidine and uridine is also supported by a weak perpendicular stacking interaction of the pyrimidine ring with Tyr168. The distance between the centres of the pyrimidine ring of thymidine and the side chain of Tyr168 is 5.2 Å for thymine (in both subunits) and 4.7 Å for uridine. The substitution of Tyr168 by other residues with hydrophobic properties results in a twofold decrease in the activity on substitution with Leu and a threefold decrease on substitution with Phe (Mitsiki et al., 2009) . TP loses its activity when Ala is present at the position of Tyr168 (Mitsiki et al., 2009) StTP homodimer structure in the unliganded state. The -domain is marked in yellow and the /-domain in blue. The secondary-structure elements are labelled for subunit A. The active site containing thymidine (THM 1 ) and the buffering site containing thymidine (THM 2 ) are shown for subunit B. The figure was produced using PyMOL (Schrö dinger).
Figure 5
The active site of StTP complexed with sulfate (a), with thymidine (THM; PDB entry 4yek) (b) and with uridine (URI; PDB entry 4yyy) (c). The residues which form hydrogen bonds to the nucleoside are marked in orange. The residues forming stacking interaction are marked in blue. The residues of the hydrophobic pocket in the nucleoside-binding site are marked in cyan. The residues which bind the sulfate (SO 4 ) in the complex of StTP with thymidine are marked in green. The ligands are shown with the corresponding OMIT map (magenta). residues which take part in the interaction with substrates are conserved in the TPs from higher and lower organisms (Fig. 3) .
3.3.2. The buffering site of thymidine and uridine. The thymidine in the StTP-THM complex structure (in both subunits) and the uridine in the StTP-URI complex structure (in subunit B) were localized in the additional binding site (Fig. 6) . This site is located near the H11 -helix and two loops: L12 and L13 (see Figs. 3 and 4) . The amino-acid residues within this binding site of TP are not conserved between the TPs from prokaryotic and eukaryotic cells. In particular, Tyr267 is substituted by Gly298 in HuTP and Gln261 is substituted by Leu292 in HuTP. Only one structure of TP with bound substrates in the active site has been deposited in the PDB: the structure of EcTP with a thymine and a sulfate (PDB entry 1tpt). In the second binding site, the thymidine molecule is absent. However, in the accompanying paper (Walter et al., 1990) the authors mention that a thymine molecule was localized near residues 263-268. Structures of nonspecific pyrimidine nucleoside phosphorylases with substrates from Bacillus stearothermophilus (BsPyNP; PDB entry 1brw; 42.5% homology to StTP; with bound uracil and from Staphylacoccus aureus (SaPyNP; PDB entry 3h5q); 67.2% homology to StTP; Center for Structural Genomics of Infectious Diseases, unpublished work) with bound thymidine have been deposited and neither of them has a substrate localized in the second binding site.
The binding of the pyrimidine component of the second substrate is provided by the stacking interaction with Tyr267. The distance between the centre of the tyrosine aromatic group and the centre of the pyrimidine component of the thymidine (uridine) is 3.6 Å , i.e. these groups are more closely located by 1 Å compared with the distance between them in the active site. Their relative position in this region also differs from that of the active site: the aromatic groups are parallel to each other. In subunit A of the StTP-THM complex and in subunit B of the StTP-URI complex the following hydrogen bond is formed: THM(URI) O2-Tyr267 OH (3.4 Å in StTP-THM subunit A and 2.6 Å in StTP-URI subunit B). In subunit B of this complex the THM O2-Tyr267 OH bond is absent and the ribose component of the uridine is rotated by $180 around the C-N glycosidic bond compared with its conformation in subunit A. In subunit B of the StTP-URI complex the position of the uridine in the second binding site differs from the position of thymidine in this binding site in both subunits of the StTP-THM complex. The pyrimidine component is rotated around the axis passing through its centre in such a manner that the hydrogen bond to Tyr267 OH in subunit B is formed by the O4 but not the O2 substrate atom. Compared with thymidine, this component is rotated around the C-N glycosidic bond. It results in the formation of the following hydrogen bond of length 3.3 Å in subunit B: URI502 O4-Ser246 OG. We assume that this position of the uridine is more energetically favourable than the position of thymidine in StTP-THM. The thymidine cannot be located in the same position as the uridine as it has an additional methyl group at the fifth position. Placing the thymidine in a position similar to the uridine would lead to this hydrophobic methyl group being at a distance of $4-5 Å from the O atoms: Ser248 O and Glu258 OE1/OE2. As a result the whole uridine molecule has a different orientation compared with the thymidine, and the ribose component of the uridine forms only one hydrogen bond to the enzyme atoms: URI502 O2 0 -Gln261 OE1 (2.9 Å ).
Domain configuration in TP complexed with substrates
In the structures of the StTP-THM (PDB entry 4yek) and StTP-URI (PDB entry 4yyy) complexes and in the structure of unliganded StTP the asymmetric unit contains a homodimer and the subunits have a different conformation in each structure. In order to determine the relative positions of the domains in the subunits of the StTP-THM and StTP-URI complexes and in unliganded StTP, the atoms of the main chain of the /-domains for all of the subunits from these structures were superimposed in a pairwise manner. For each pair the mean displacement of the -domain of one subunit from the -domain of the other subunit was calculated.
Relatively small values were found for the superposition of the A subunits of the StTP-THM complex and the StTP-URI complex (0.4 Å ) and for the superposition of the B subunits of the StTP-URI and StTP-THM complexes (0.7 Å ), and for the superposition of each of these two subunits with subunit A of unliganded StTP (0.9 and 1.0 Å , respectively). All other values of the -domain displacement were higher than 2 Å . Based on these results, we assume that two subunit conformations exist in the StTP structures complexed with substrates: in each case one subunit of the homodimer is in one conformation and the second subunit is in the other. It is most likely that this occurs owing to the fact that the -domains, as mentioned above, are responsible for the interactions between subunits of the homodimer. When one subunit moves upon binding substrate, the other is opened. After the reaction in the first subunit is over, it opens and the other subunit closes for the reaction to take place within it. However, the unit cells of EcTP complexed with 3 0 -azido-2 0 -fluorodideoxyuridine and with 3 0 -azido-3 0 -deoxythymidine (PDB entries 4ead and 4lhm, respectively; Timofeev et al., 2014) contain only one subunit, which means that both subunits of the EcTP homodimer are identical.
Although the nucleoside is bound in the active sites of the StTP complexes described in this paper, as well as in the abovementioned structures of EcTP, the distance between the phosphate-binding site and the second substrate-binding site corresponds to different variants of the open conformation described in . Thus, we suppose that the mechanism of the opening/closure of the subunit domains might also be responsible for the substrate specificity of the thymidine and pyrimidine nucleoside phosphorylases. Based on quantum-mechanics calculations, Rick et al. (1999) claim that the potential barrier of C-N glycosidic bond cleavage in thymidine without subunit closure and thus without nucleophilic attack by the phosphate ion in E. coli TP is only 5 kcal mol À1 higher than the barrier to nucleophilic attack. According to Rick et al. (1999) the phosphate does not participate in the nucleophilic attack, but only binds a furanose radical in the second stage of the reaction. This fact is additionally supported by investigations of TP inhibition by ligands mimicking the transition state of the substrates (Kalman & Lai, 2005) and by investigations of the transition state of the substrate by means of quantum mechanics (Schwartz et al., 2010) . Schwartz and coworkers assume that nucleophilic attack on the thymidine is performed by a water molecule. Summing up all of the facts mentioned above, we conclude that a small distance between the thymidine and the phosphate might not be required for the reaction to proceed in TP.
The influence of ligand conformation on substrate specificity
TP is a highly specific nucleoside phosphorylase that catalyzes the phosphorolysis of thymidine and 2 0 -deoxyuridine and does not catalyze the phosphorolysis of uridine. In the StTP-URI complex (PDB entry 4yyy) the uridine molecule is localized in only one subunit (B) of the two. In the StTP-THM complex (PDB entry 4yek) the thymidine is localized both in the A and the B subunits, and sulfate is localized only in subunit B. The thymidine conformations in the active site are the same. In both complexes (StTP-THM and StTP-URI) the nucleoside is in the syn conformation, which is less energetically favourable than the anti conformation (Saenger, 1984) . These conformations depend on the torsion angle of the glucosidic bond O4 0 -C1 0 -N1-C2 ( angle). The syn conformation corresponds to values of ranging from 0 to 90 and from 270 to 360 . Values of between 90 and 270 correspond to the anti conformation. Thymidine in the StTP-THM complex has values of 13 for subunit A and 25 for subunit B, and is equal to À75 for the StTP-URI complex. The conformation of uridine is also named the high-anti conformation, as it corresponds to the potential barrier that appears when the H atoms of C6 and C2 0 are becoming closer. The distance between these atoms in the thymidine in subunit A of the StTP-THM complex is 3.0 Å and that in subunit B is 3.2 Å , but for the uridine in the StTP-URI complex this distance is 2.8 Å . The conformation of the uridine in the StTP-URI complex is more stressed than the conformation of the thymidine found in both StTP-THM subunits. Interestingly, the thymidine in SaPyNP is in the more energetically favourable and thus less stressed anti conformation (À148 ), while in SaPyNP-THM, StTP-URI and StTP-THM identical residues are located near the nucleoside substrate. In uridine phosphorylases the uridine tends to have a syn conformation with high energy (Safonova et al., 2014) , which corresponds to the potential barrier that appears when the H atoms of O2 and C2 are becoming closer.
